The cationic thiomer chitosan-thioglycolic acid (TGA) shows excellent mucoadhesive features. In order to deepen the knowledge concerning this new excipient the optimization of its synthesis and a detailed characterization of its properties was the objective of this study Mediated by increasing quantities of a carbodiimide, thioglycolic acid was covalently attached to chitosan forming amide bonds with the primary amino groups of the polymer Determined with Ellman's reagent, 38 + 3 , 104 + 2, 685 + 43, and 885 + 7 pmol thiol groups (n=3; + SD) were bound per gram polymer at carbodiimide concentrations of 50, 75, 100, and 125 mM, respectively. The immobilized thiol groups displayed a comparatively higher reactivity to form disulfide bonds than the thiol groups in a corresponding mixture of chitosan and free unconjugated TGA. In an aqueous 0.5% (rnlv) chitosan-TGA gel 59 -t 5% of the thiol groups formed disulfide bonds within 6 hours at pH 6.0, whereas merely 5 + 3% were oxidized in the corresponding physical mixture of chitosan and TGA. Difision studies showed that the modified polymer was capable of binding cysteine and cysteine methyl ester. The result supports the theory that the improved mucoadhesive properties of thiolated chitosan are based on the formation of disulfide bonds with cysteine moieties of mucus glycoproteins. Because of its availability via an efficient synthetic pathway and its mucoadhesive properties based on the capability to bind cysteine subunits, chitosan-TGA seems to be a promising new excipient for various drug delivery systems
Introduction
Within the last years a promising new type of mucoadhesive hydrophilic polymers has been introduced into the pharmaceutical literature Because of the immobilization of thiol moieties on well established hydrophilic polymers such as poly(acry1ates) and cellulose derivatives their mucoadhesive properties are strqngly improved'"' Thiolated polymers-or so called thiomersare believed to form covalent bonds with cysteine-rich subdomains of mucus glycoproteins,4 whereas the binding of so far used mucoadhesive polymers has merely been based on non-covalent bonds such as hydrogen bonds and ionic interactions. Moreover, thiolated polymers show improved cohesive properties, as a simple oxidation process in aqueous media leads to the formation of interand/or intra-chain disulfide bonds within the polymeric network5 Recently, an enzyme inhibitory capability6 as well as a permeation enhancing effect7 could be shown for thiomers, which render them useful particularly for the non-invasive application of peptide drugs. A significant reduction in the glucose level of diabetic mice, for instance, was achieved by the oral administration of insulin microtablets based on a thiolated polymer.8 Among thiomers a chitosan-thioglycolic acid (TGA) conjugate has received considerable attention, as it displays more than 10-fold higher mucoadhesive properties on freshly excised intestinal mucosa compared to unmodified chitosan9 In order to improve the knowledge of thiolated chitosan it was the aim of this study to optimize its synthesis and to carry out further in vltro evaluations for its characterization. In particular, the binding capability for cysteine and a derivative thereof will be evaluated within this study, as the covalent binding of thiomers to mucus glycoproteins seems to take place via cysteine moieties within the mucin amino acid sequence. Apart from the formation of disulfide bonds between thiomers and cysteine groups of mucus glycoproteins, the formation of inter-and/or intra-chain disulfide bonds within chitosan-TGA itself seems to be another important capability of this novel excipient Because of this cross-linking process the cohesive properties of chitosan can be improved rendering it useful e.g. as tablet binder or for the manufacture of particulate delivery systems which are stabilized by disulfide bonds within the polymeric network.
A detailed evaluation of the influence of the covalent attachment of TGA on the reactivity of thiol groups being responsible for this crosslinking process was therefore also the objective of this study.
Results

Influence of the carbodiimide concentration on the coupling reaction
Thicglycolic acid (TGA) was attached covalently to the poly-D-glucosarnine chitosan This was achieved by the formation of amide bonds between the primary amino groups of the polymer and the carboxylic acid group of thioglycolic acid leading to substructures as shown in Fig 1 . In contrast to a previous study focusing on the influence of the pH on the coupling reaction between chitosan and T G A ,~ the impact of the carbodiimide concentration on the amount of covalently attached TGA was determined. As a pH of 5.0 proved to be best for synthesis,9 all coupling reactions were performed at this pH, with varying concentrations of carbodiimide Although the theoretical maximum concentration of primary amino groups on chitosan was 62 mM, a higher TGA concentration i.e. 87 mM was used for all reactions. At carbodiimide concentrations of 50 mM and 75 rnM consequently not all carboxylic acid groups of TGA could be activated.
Calculations of the theoretical maximum of TGA which can be immobilized to chitosan as shown in Table 1 , however, demonstrated that only a minor amount of added carbodiimide mediated the formation of amide bonds. Besides the formation of amide bonds, carbodiimides mediate also the formation of ester bonds.1° This was shown e.g. for carboxymethylcellulose-cysteine conjugates leading to a constant raise in the pH during the coupling reaction, as the concentration of carboxylic acid groups of cysteine decreased by the formation of esters.' During the coupling reaction of chitosan-TGA conjugates, however, the pH remained constant at 5.0, indicating that only a negligible amount of esters are formed between the hydroxyl groups of chitosan and the carboxylic acid group of TGA. The addition of 5 rnM N-hydroxysulfosuccinimide, which is known to enhance carbodiimide mediated coupling reactions," did not lead to higher yields of immobilized thiol groups. Comparison of the disulfide bond formation kinetic within chitosan-TGA conjugate and a chitosan / TGA mixture The formation of disulfide bonds within chitosan-TGA conjugate was compared with that of free unconjugated TGA in combination with chitosan. The results of this study demonstrated a continuous oxidation process within the chitosan-TGA conjugate, whereas free TGA remained almost stable at pH 6 0 The results are illustrated in Fig. 3 . The pK, for the thiol moiety of thioglycolic acid was determined to be 10.6,'' whereas the pK, for the thiol group of covalently attached TGA was calculated to be 8.52 utilizing the ACD software program (Toronto, Canada) Acciordingly, 100-fold more thiolate anions, -S-, representing the reactive form of thiol moieties for an oxidation process, are available on the conjugate compared to unconjugated TGA leading to a rapid oxidation at pH 6 . , The results of this study therefore provide strong evidence for the formation of amide bonds between chitosan and TGA during the coupling reaction, as this significant change in the reactivity of the thiol groups of TGA can only be explained by an alteration in its chemical structure. 
Discussion
The synthesis of chitosan-TGA conjugates via a carbodiimide offers the advantage that it can be performed in aqueous solutions without any toxic organic solvents which are difficult to completely remove. Furthermore, remaining traces of the carbodiimide are rapidly transformed into harmless urea derivatives. So far, however, the method seemed to be of minor practical relevance, as the yield of covalently attached thioglycolic acid was to low Although the synthesis has already been improved by optimizing the pH and the share of chitosan to TGA during the reaction, only 0.8% of the theoretical maximum of TGA was immobilized to the polymer.9 Raising the concentration of the carbodiimide, however, led to an almost exponential increase in covalently attached TGA rendering this synthesis usehl for the production of chitosan-TGA conjugates in lager quantities.
Because of the covalent attachment of TGA to the polymer, the reactivity of its thiol groups being essential for the formation of covalent bonds to mucin glycoproteins and the formation of disulfide bonds within the polymeric network itself, was strongly improved. In addition the reactivity of the thiol groups was raised by increasing the pH. Previous studies demonstrated the oxidation of 30% and 75% of thiol groups of a chitosan-TGA conjugate at pH 5.0 and 6.5 within 6 h, respectively.9
The decrease in thiol groups within the chitosan-TGA conjugate as shown in Fig 3 is (-COO') close to the thiol moiety. The results of diffusion studies with cysteine and cysteine methyl ester demonstrating a comparatively lower binding of the latter one are therefore in accordance with this theory. However, the lower binding of cysteine methyl ester can also be explained by the higher pK, of the thiol group of cysteine methyl ester. The pK, of the thiol group of cysteine is 8 35, whereas it is 8.99 for its methyl ester l7 Accordingly, cysteine displays more reactive thiolate anions being essential for the binding to chitosan-TGA at pH 5.5 than the cysteine methyl ester Besides difision studies as shown in Fig. 4 and 5, the interaction between polymer immobilized thiol groups and cysteine moieties of mucus glycoproteins was demonstrated for polycarbophil-cysteine conjugates. Aqueous homogenates of polycarbophil and porcine mucus were separated from each other by centrifugation, whereas thiolated polycarbophil could not be separated any more from the mucus. Moreover, the mucoadhesive properties of thiolated polycarbophil were very strongly reduced in the presence of the reducing agent dithiothreitol, excluding the formation of disulfide bonds '
Because of its availability via an efficient synthetic pathway and its high reactive thiol groups being responsible for improved mucoadhesive properties and cohesive properties, chitosan-TGA seems to be a promising new excipient for various drug delivery systems.
Experimental
Synthesis of chitosan-thioglycolic acid conjugates
In order to obtain a 1% (rnlv) solution of chitosan hydrochloride 0.5 g of chitosan (chitosan from crab shell; degree of deacetylation > 85%; SIGMA, St. Louis, MO) were hydrated in 4 ml of 1 M HCI and dissolved in 46 ml of demineralized water. Insoluble impurities were removed by filtration. The polymer solution was dialyzed against demineralized water for 24 hours in order to remove also polymer fragments of low molecular weight and to adjust the pH of chitosan hydrochloride to 5 Afterwards, 0.5 g of sodium thioglycolate (NaTGA; molecular mass: 1 14.1 ; SIGMA, St. Louis, MO) were dissolved in the dialysate under stirring and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC, Sigma, St. Louis, MO) dissolved in 1 ml of demineralized water was added in a final concentration of 50, 75, 100, or 125 rnM. The pH was adjusted to 5.0 with 1 M HCI and the reaction mixtures were incubated for three hours at room temperature under vigorous stirring. Samples prepared in exactly the same way as the polymer-TGA conjugates but omitting EDAC during the coupling reaction served as controls for the following analytical studies. Unbound TGA and the coupling reagent were eliminated by dialyzing the reaction mixtures at 10°C in the dark first against 5 mM HCI, two times against the same medium but containing 1% NaCl, and then exhaustively two times against 5 mM HC1. Samples and controls were frozen at -20°C until hrther use.
Determination ofthe final polymer concentration
In order to quantifL the polymer concentration in the final dialysate, 10 ml aliquots were lyophilized by drying frozen aqueous polymer solutions at -30°C and 0.01 mbar (Christ Beta 1-8K; Germany) and determining the amount of remaining polymer gravimetrically. The amount of difised cysteine or cysteine methyl ester was determined with 2,4,6-trinitrobenzenesulfonic acid (TNBS). To 100 p1 of withdrawn samples 100 pl of 8% NaHC03 and 100 pl of 0.2% TNBS (Sigma, St. Louis, MO) were added Reaction mixtures were incubated at 37°C for 2 hours followed by measuring the absorbance at 450 nm (Lambda 16; Perkin-Elmer, Vienna, Austria) The amount of cysteine or cysteine methyl ester developing with the TNBSreagent an orange dye was calculated utilizing standard curves of increasing amounts of cysteine or cysteine methyl ester
Determination of the thiol group content
Statistical data analysis
Statistical data analysis was performed using the Student I test with pC0.05 as the minimal level of significance.
